Introduction
Iodine deficiency affects an estimated 1.88 billion individuals worldwide [1] , representing a major public health concern and creating a need for a convenient, practical, simple, and cost-effective test to monitor urine iodine levels in population groups or individuals. Iodine is an essential component of the thyroid hormones thyroxine and triiodothyronine, which regulate growth, development and metabolism. Serious disorders can result from iodine deficiency, including irreversible cretinism, pregnancy complications, goiter, compromised thyroid hormone production, mental impairment and decreased cognitive function [2] . A meta-analysis released in 1994 concluded that thyroid dysfunction caused by iodine deficiency resulted in populations with an average IQ of 13.5 points lower than iodine sufficient controls [3] . While iodine deficiency can occur at any age, the most devastating consequences occur in the developing fetus and early childhood. It is estimated that over 240 million school aged children are not getting enough dietary iodine [1] . Iodine deficiency during pregnancy and lactation is the leading cause of mental retardation worldwide due to inadequate thyroid hormone delivery to the developing brain of the fetus or newborn [4] .
Since human beings eliminate over 90% of dietary iodine in their urine, it is possible to accurately measure recent iodine intake using urinary analysis [5] [6] [7] . Despite great efforts to eliminate iodine deficiency world-wide, recent reports indicate that iodine deficiency persists even in the Western world. Vegans and pregnant women in the United States, along with teenage girls living in the United Kingdom, areas believed to have sufficient iodine intake, are susceptible to iodine deficiency [4, [8] [9] [10] . When a population tests as iodine sufficient, subgroups and individuals may still be at risk, mostly due to their dietary habits [1] . Over 60% of countries still do not have regular iodine screening programs [8, 11] . Because iodine sufficiency is critical to the health and well-being of present and future generations, monitoring of the iodine status of all countries, whether previously identified as iodine sufficient or not, is essential to reduce the prevalence of iodine deficiency disorders (IDD).
To our knowledge, no method exists for iodine analysis using urine collected on filter paper. The primary goal of our research was to develop a more convenient, simple, and cost-effective method for collection, storage, transport, and testing of urinary iodine and creatinine for large-scale population studies and for individuals at risk for iodine deficiency. The dried urine iodine and creatinine assays described here represent an innovative testing solution for this purpose, which most laboratories can accommodate at minimal cost.
Experimental

Urine samples
Three hundred liquid urine samples provided by ZRT laboratory employees were collected from September 2009 to October 2011 and stored at −80 • C. All participants were healthy individuals consuming a normal Western diet. None of the participants were using nutritional supplements containing iodine. Each sample was coded to protect the donor's identity and there were no inclusion or exclusion criteria for the donors. In several cases multiple samples were collected by a single person. There was no inclusion or exclusion criterion for the samples. Procedures were in accordance with the current revision of the Helsinki Declaration and signed informed consent was obtained from each individual before the collection of urine samples. A 2.5 cm × 5.0 cm filter paper strip (Ahlstrom grade 226; ID Biological Systems) with an external protective cover was dipped into the thawed and mixed urine sample, and then hung to dry off the edge of a counter from its protective cover using tape. Strips were left indoors in the open air at 22 • C and 50% humidity to dry for at least 3 h (See Section 3.8). Strips were labeled with indelible ink on the external protective cover. The remainder of the urine was reserved for liquid urine testing.
Dried urine iodine and creatinine standards, calibrators and blanks
A standard solution of iodine was prepared by diluting high concentration iodine standard (1000 g mL −1 iodide from ammonium iodide, Inorganic Ventures) in Surine (Surine negative quality control; DTI Innovative Products), a synthetic urine manufactured free of iodine, to a concentration of 500 g L −1 . Filter paper strips were dipped into this solution, and then hung to dry off the edge of a counter from their external protective covers using tape. Strips were left indoors in the open air at 22 • C and 50% humidity to dry for at least 3 h. A creatinine standard solution of 0.2 mg mL −1 was prepared and kept in a liquid form by dissolving 20 mg creatinine (Sigma-Aldrich) in 100 mL deionized water. Lyophilized National Institute of Standards and Technology (NIST) reference material (SRM2670a, http://www.nist.gov) and Seronorm (Trace Elements in Urine Level 2, http://www.seronorm.no) were used as iodine calibrators. Bio-Rad Urine Chemistry Controls 397 and 398 were used as creatinine calibrators, and Surine and deionized water were used as blanks for the iodine and creatinine assays, respectively. Filter paper strips were dipped into each calibrator and blank then dried as described above.
Dried urine iodine and creatinine extraction procedure
Using a dried blood spot puncher (Wallac DBS Puncher; PerkinElmer), six 6.0 mm diameter disks were punched from each of the dried urine samples, the iodine and creatinine calibrators, and the 500 g L −1 iodine standard into individual wells of a 96-well fritted filter plate (1 mL wells with 20 m frit; Nunc). The filter plate was stacked on top of a deep 96-well plate (2.2 mL wells; VWR) and 300 L deionized water was added to each well. The twostacked plates were placed on a plate shaker (Microplate Shaker; VWR) and mixed at 700 rpm for 10 min. The plates were then centrifuged (Beckman GPR centrifuge; Beckman Coulter) at 3000 rpm for 10 min to separate urine extract from the filter paper punches. The deep 96-well plate containing urine extract was placed on a plate shaker for 5 min at 300 rpm to ensure proper mixing.
Dried urine iodine assay
A modified version of the microplate iodine assay described by Ohashi et al. [12] was used to determine iodine levels in dried urine extract. Extracted 500 g L −1 iodine standard was serially diluted with extracted Surine blank to create a set of six standard solutions with concentrations of 0, 31.25, 62.5, 125, 250, and 500 g L −1 . Fifty microliters of serially diluted iodine standards, extracted calibrators and extracted patient samples were transferred into a fresh, deep 96-well plate, and 100 L of freshly prepared ammonium persulfate (1.314 mol L −1 ; Sigma-Aldrich) was added to each well. Two silicone sheets (Silicone cover slips; MSC Industrial Supply) were placed over the plate, which was then tightly sealed in a 96-well deprotection chuck (BioAutomation) and incubated for 60 min at 105 • C. The deprotection chuck and deep 96-well plate were then partially submerged in a cool water bath (15-25 • C) for 30 min to prevent condensation.
Iodine concentration was then determined using the Sandell-Kolthoff reaction in which iodide is the catalyst in the reduction of ceric ammonium sulfate in the presence of arsenious acid. Fifty microliters of digested extract was transferred into a 96-well microtiter plate (Microtiter strip plates; Thermo Scientific), and 100 L of arsenious acid (0.0253 mol L −1 , prepared by dissolving 2.5 g arsenic trioxide and 12.5 g sodium chloride in 100 mL of 2.5 mol L −1 sulfuric acid [Arsenic trioxide and sodium chloride; FisherScientific], then adjusting volume to 500 mL with deionized water) was added to each well and mixed by gentle shaking for 10 s. Fifty microliters of ceric ammonium sulfate (0.0158 mol L −1 , prepared by adding 2.5 g ceric ammonium sulfate [Ceric ammonium sulfate; Acros Organics] to 250 mL of 1.25 mol L −1 sulfuric acid [Sulfuric acid; Fisher Scientific]) was then added, and the plate incubated at room temperature for 45 min before absorbance was read on a plate reader (Wallac Victor2 plate reader; PerkinElmer) at 405 nm.
Unknown sample concentrations were determined from the standard curve by linear regression analysis. The iodine standard curve was created by plotting log of absorbance on the y-axis and iodine standard concentration on the x-axis. The iodine assay was calibrated with Seronorm and NIST samples that were dried and extracted from filter paper strips in a manner identical to clinical urine specimens. A correction factor was determined and applied to all unknown sample results, calculated by dividing experimental Seronorm and NIST values by their expected values and averaging the two.
Dried urine creatinine assay
By modifying a commercial creatinine assay (Creatinine Parameter Assay Kit; R&D Systems) that uses the Jaffe reaction [13] , we determined creatinine levels in dried urine. Bio-Rad calibrators, deionized water blank and patient samples (10 L each) from the extraction plate were transferred into a 96-well microtiter plate, followed by the addition of 40 L deionized water. Standards were made by diluting non-extracted 0.2 mg mL −1 creatinine standard with deionized water to create a set of six standard solutions with concentrations of 0, 0.0125, 0.025, 0.05, 0.1, and 0.2 mg mL −1 , matching the concentration of extracted and diluted urine samples. We determined that there is no difference in results using non-extracted standards in place of extracted standards (results not shown). Non-extracted standards allow for more samples to be run during the extraction process. These non-extracted creatinine standards were also transferred in 50 L aliquots into the 96-well microtiter plate, followed by the addition of 100 L of alkaline picrate solution (2.5 mol L −1 sodium hydroxide mixed with 1 wt.% solution picric acid [Sodium hydroxide and 1 wt.% solution picric acid; Sigma-Aldrich] and deionized water) to all wells. The plate was mixed by gentle shaking at 380 rpm at room temperature for 30 min before reading absorbance at 490 nm.
Unknown sample concentrations were determined from the standard curve by linear regression analysis. The creatinine standard curve was created by plotting absorbance on the y-axis by creatinine standard concentration on the x-axis. The creatinine assay was calibrated with Bio-Rad Urine Chemistry Controls 397 and 398, which were dried and extracted from filter paper strips in a manner identical that described above for urine specimens. A correction factor was determined and applied to all unknown sample results, calculated by dividing experimental values for Bio-Rad Urine Chemistry Controls 397 and 398 by their expected values and averaging the two.
Liquid vs. dried urine iodine, creatinine and iodine/creatinine
We tested a total of 300 urine samples for iodine in liquid form according to the method described by Ohashi et al. [12] , and for creatinine using a commercial creatinine assay (Creatinine Parameter Assay Kit; R&D Systems) using the Jaffe reaction [13] , and compared the results to the dried urine extracts taken from the same samples. We excluded urine samples that exceeded the 500 g L −1 limit of the iodine assay or samples that fell below the cutoff of 20 g L −1 used for the detection of severe iodine deficiency [5] . Urine samples that had creatinine values <0.3 mg mL −1 or >3.0 mg mL −1 were excluded from the comparison, as recommended by the World Health Organization and others [14, 15] . To normalize iodine values using creatinine, iodine in g L −1 was divided by creatinine in mg mL −1 to obtain g iodine/g creatinine. For iodine, creatinine, and iodine/creatinine, liquid urine values were plotted against dried urine values to assess equivalence. Bland Altman plots were created to determine the agreement between liquid and dried urine methods to supplement regression analysis.
Lower detection limit, intra-assay and inter-assay variation
We determined the lower detection limit of the dried urine iodine and creatinine assays by running extracted blanks in duplicate through 10 assays and taking 2 standard deviations from the averaged blanks. Intra-assay CVs were determined by running 20 replicates of 4 dried urine samples with varying concentrations of iodine and creatinine, dried on filter paper as previously described and assayed by their respective method. Inter-assay CVs were determined by running 4 dried urine samples, stored in plastic bags with desiccant at room temperature (22 • C), with varying concentrations of iodine and creatinine, dried on filter paper as previously described and assayed by their respective method a total of 12 times over 1 month.
Long term stability of dried urine at −80 • C
The stability of iodine and creatinine in dried urine was assessed when stored at −80 • C by saturating 20 filter paper strips with 2 sets of pooled human urine, running each for iodine and creatinine on non-consecutive days. Three samples were punched from a single filter paper strip, resulting in 60 runs over 207 days. Filter paper strips were stored at −80 • C in plastic bags with desiccant until use. CVs were determined for the 2 sets of pooled human urine.
Linearity
We diluted 4 urine samples containing known iodine and creatinine concentrations with extracted blanks. The 5 dilutions were: undiluted, 80:20, 60:40, 40:60, and 20:80 for iodine and creatinine. Iodine and creatinine linearity samples were dried on filter paper as previously described and assayed by their respective method. Results for each dilution were compared to their expected value to assess linearity.
Recovery
Three different concentrations of iodide from an ammonium iodide solution were added to Surine blank. Each iodide solution was diluted 1:2 with three different urine samples. Similarly, creatinine was added to deionized water, with three different concentrations of creatinine created. Each creatinine solution was diluted 1:2 with three different urine samples. Iodide and creatinine spiked blanks and urine samples had previously determined iodine and creatinine values. Mixed iodine and creatinine recovery samples were dried on filter paper as previously described and assayed by their respective method. Dried urine iodine and creatinine values were compared to their expected values to determine percent recovery.
Filter paper dry time
Four filter paper strips were saturated with two random urine samples, Surine, and deionized water. Filter paper weight was measured before and after strip saturation, and every 10 min until the weight remained the same, indicating a dried sample. Indoor temperature and humidity were stable at 22 • C and 50%, respectively.
Results
Dried urine iodine and creatinine standard curves
The dried urine iodine standard curve was linear between 0 and 500 g L −1 (Fig. 1A) . The non-extracted creatinine standard curve was linear between 0 and 0.2 mg mL −1 (Fig. 1B) .
Liquid vs. dried urine iodine, creatinine and iodine/creatinine
We compared a total of 300 urine samples in both dried and liquid form for iodine and creatinine. Iodine (n = 225, y = 0.997x + 1.1758, R 2 = 0.9483), creatinine (n = 272, y = 1.0177x + 0.0095, R 2 = 0.9782) and iodine/creatinine (n = 208, y = 1.0197x − 4.6515, R 2 = 0.948) measured in dried urine correlated well with previously established methods using liquid urine ( Fig. 2A-C) . Bland Altman analysis was used to determine the agreement between liquid and dried urine iodine, creatinine and iodine/creatinine. Liquid and dried urinary iodine gave an to −45.9 g L −1 . Liquid and dried urinary creatinine gave an average difference of −0.03 mg mL −1 , a standard deviation of 0.10 mg mL −1 , and a limit of agreement from 0.16 mg mL −1 to −0.22 mg mL −1 . Liquid and dried urinary iodine/creatinine gave an average difference of 1.6 g g −1 , a standard deviation of 21.9 g g −1 , and a limit of agreement from 44.4 g g −1 to −41.3 g g −1 (Fig. 3A-C 
Lower detection limit
We determined the detection limit to be 9.4 g L −1 for dried urine iodine and 0.04 mg mL −1 for dried urine creatinine. Both were based on 2 standard deviations from 10 runs of extracted Surine blank for iodine and deionized water blank for creatinine.
Intra-assay and inter-assay variation
We determined the intra-assay and inter-assay variation for dried urine iodine and creatinine in 4 samples spanning the range of each assay. Intra-assay samples were run in replicates of 20, with CVs between 3.3% and 7.0% for iodine and 5.0% and 7.3% for creatinine. Inter-assay samples, stored in plastic bags with desiccant at room temperature (22 • C), were run 12 times over a period of 1 month, with CVs between 3.9% and 6.2% for iodine and 4.6% and 6.3% for creatinine. The CV difference of less than 10% over a 1 month period of inter-assay testing demonstrated that dried urine iodine and creatinine on filter paper strips were stable for at least 30 days when stored dry at room temperature in plastic bags with desiccant.
Long term stability of dried urine at −80 • C
The stability of iodine and creatinine in dried urine was assessed when stored at −80 • C by saturating 20 filter paper strips with 2 sets of pooled human urine. Three samples were punched from each filter paper strip, resulting in 60 runs over a period of 207 days. Sample set one had an average iodine concentration of 114.0 g L −1 and an average creatinine concentration of 0.62 mg mL −1 with CVs of 9.1% and 6.1% respectively. Sample set two had an average iodine concentration of 373.5 g L −1 and an average creatinine concentration of 1.38 mg mL −1 with CVs of 7.1% and 5.4% respectively. CV differences of less than 10% over 207 days and 60 tests demonstrated that when stored at −80 • C in plastic bags with desiccant for at least 6 months dried urine samples remain stable.
Linearity
Dried urine iodine and creatinine assays were shown to be linear from the high standard down to 15.0 g L −1 for iodine and 0.08 mg mL −1 for creatinine, which represent the sensitivity cutoffs for each of the assays.
Recovery
Three spiked iodide and creatinine blanks were mixed together with 3 urine samples in equal amounts. Iodine and creatinine concentrations of spiked blanks and urine samples were known from previous testing and used to determine percent recovery. Mean recoveries for both dried urine iodine and creatinine assays were 100.6% and 96.6%, respectively (Table 1) .
Filter paper dry time
Four filter paper strips were saturated with two random urine samples, Surine, and deionized water and weighed every 10 min until no further weight loss was detected. Urine samples, Surine, and deionized water dried at similar rates at 22 • C and 50% humidity. Urine samples and Surine showed no further weight loss after 140 min while deionized water showed no further weight loss after 170 min (Fig. 4) . For filter paper strip averaging 0.2602 g before saturation, an average of 0.8314 g of liquid was absorbed by the strips immediately after saturation. After drying, the filter strips with human urine retained an average of 23.9 mg urine, while the strips saturated with Surine and deionized water retained 23.3 and 3.9 mg, respectively.
Discussion
In this study we have developed and validated simple methods for measuring iodine and creatinine in urine that has been dried on filter paper strips. While methods to test iodine and creatinine are readily available, the collection, preservation, storage, and shipment of a liquid urine specimen to the testing laboratory can be cumbersome, labor intensive, and expensive. These problems often limit testing of individuals and populations in remote areas where iodine deficiency is most problematic. A urine sample that is dried on a filter paper strip is much easier to transport from anywhere in the world, fitting in a standard envelope due to its small weight and size, while remaining stable for at least a month at ambient temperatures when stored in a plastic bag with desiccant. In the laboratory the dried urine strips, protected by an outer cover, are easy to process from start to finish, as they can be bar coded and systematically punched directly into 96 well plates for extraction and testing. The remaining sample can be efficiently stored for retesting or future analysis. This method of sample collection and testing is ideally suited for researchers investigating iodine deficiency in large populations.
In our study we determined that iodine and creatinine extracted from urine collected and dried on filter paper strips show excellent quantitative correlation with liquid urine, with R 2 values of 0.9483 (n = 225) and 0.9782 (n = 272). The detection limits (9.4 g L −1 for iodine and 0.04 mg mL −1 for creatinine) and assay sensitivities (15.0 g L −1 for iodine and 0.08 mg mL −1 for creatinine) of the dried urine iodine and creatinine assays allow for detection of iodine levels, from severe deficiency to iodine excess. Levels of iodine that exceed the upper limits of detection can easily be determined by dilution of the urine extract.
In most studies urinary iodine levels are commonly expressed several ways: per unit of volume, per amount of creatinine, or per 24 h. Although the World Health Organization advises against creatinine correction when testing populations [5] , creatinine adjustments are useful when assessing the recent iodine intake of individuals. Research has shown that urinary creatinine measurements tested alongside iodine corrects for concentrated or dilute urine in areas of adequate nutrition by using an iodine:creatinine ratio, which is necessary to assess an individual's recent iodine intake [4, 16, 17] . Creatinine correction allows for fluctuations in the concentration or dilution of urine caused by variations in an individual's consumption of liquids, which can occur habitually or periodically any time a urine specimen is collected. Creatinine testing also confirms the presence of urine on the filter paper strips, as iodine values can fall below the detection limit of an assay. An iodine:creatinine ratio can be further corrected if an individual's expected 24 h creatinine excretion is known, based on their age and sex, using the equation: (iodine [g L −1 ]/creatinine [mg mL −1 ]) * expected 24-h creatinine [mg mL −1 ] [18] [19] [20] [21] [22] .
Health care professionals and researchers continuously debate what the correct collection method for urine iodine analysis is. The "reference standard" for determining recent iodine intake in the individual is to test urine that has been collected over a 24-h period [22] . Numerous problems exist with this method of collection, including inconvenience, overlooked or missed collections (e.g., no collection during a bowel movement), lack of (or no) refrigeration for large scale studies where samples need to be kept for prolonged periods of time prior to shipping, incorrect determination of total 24-h volume, and improper and inconvenient transfer of a small portion of the 24-h sample to a small vial for shipment to the testing laboratory [5, 23, 24] . Studies using paraaminobenzoic Table 1 Percent recovery of the dried urine iodine and creatinine assays.
Iodine % recovery
Creatinine % recovery acid (PABA) to test 24-h samples for completeness indicated that 10-20% of samples were incomplete and needed to be excluded from analysis [19, 21, 25] . Collection of precisely timed spot urine samples instead of 24-h collections reduces patient and laboratory error and significantly simplifies individual and population testing. Using our method, urine can simply be collected by dipping the filter paper strip directly into urine collected in a sterile cup or by urinating directly on the strip. This method of collection eliminates the need for a large 24-h urine collection vessel, the inconvenience of pouring the urine from a large collection vessel into a smaller transfer vial for shipment, a refrigerator or cold pack, and expensive transport of a liquid that often requires special biohazard labeling. A limitation of all urine iodine assays is that detection of an individual's true median iodine status requires multiple urine collections. It was recently reported that at least 10 random urine samples are needed to assess an individual's iodine status within 20% precision, while around 500 individual random urine samples are needed to determine the iodine intake of a population within 5% precision [18, 26] . The dried urine iodine method we describe allows a laboratory to determine an individual's mean iodine status from urine filter paper strips that have been collected over days or weeks, either by running them separately or combining them into a single well for extraction and subsequent analysis.
In conclusion, the dried urine iodine and creatinine assays we have developed are a convenient, practical, simple, and costeffective way to monitor the recent iodine intake of individuals or, collectively, the iodine status of populations. Collection of urine on filter paper strips can be completed and transported with ease from anywhere in the world without concern for sample stability, making the dried urine iodine and creatinine assays a beneficial tool in the fight against iodine deficiency.
